We have examined the luminosity-size relationship as a function of environment for 12150 SDSS galaxies with precise visual classifications from the catalog of Nair & Abraham (2010) . Our analysis is subdivided into investigations of early-type galaxies and late-type galaxies. Early-type galaxies reveal a surprisingly tight luminosity-size relation. The dispersion in luminosity about the fiducial relation is only ∼ 0.14 dex (0.35 mag), even though the sample contains galaxies which differ by a factor of almost 100 in luminosity. The dispersion about the luminosity-size relation is comparable to the dispersion about the fundamental plane, even though the luminosity-size relation is fundamentally simpler and computed using purely photometric parameters. The key contributors to the dispersion about the luminosity-size relation are found to be color and central concentration. Expanding our analysis to the full range of morphological types, we show that the slope, zero point, and scatter about the luminosity-size relation is independent of environmental density. Our study thus indicates that whatever process is building galaxies is doing so in a way that preserves fundamental scaling laws even as the typical luminosity of galaxies changes with environment. However, the distribution of galaxies along the luminosity-size relation is found to be strongly dependent on galaxy environment. This variation is in the sense that, at a given morphology, larger and more luminous galaxies are rarer in sparser environments. Our analysis of late-type galaxy morphologies reveals that scatter increases towards later Hubble types. Taken together, these results place strong constraints on conventional hierarchical models in which galaxies are built up in an essentially stochastic way.
INTRODUCTION
In hierarchical models the formation of galaxies is driven by multiple mergers and complicated feed-back effects. As a result the star-formation and mass-building history of individual galaxies can differ in a multitude of ways. However, a common feature of these models is that the end-product of this process is generally a system which lies on (or at least near) a fundamental scaling relation e.g. the fundamental plane for elliptical galaxies (Boylan-Kolchin et al. 2006; Robertson et al. 2006b; Ciotti et al. 2007; Covington et al. 2008) , or the Tully-Fisher relation for spiral galaxies (Dalcanton et al. 1997) ). In some models this agreement is somewhat artificial, because the form of the scaling relation is taken as an input parameter, but in other cases it emerges because some fundamental relations are closely linked to simple underlying physics (e.g. the Faber-Jackson relation emerges from the virial theorem coupled with assumptions about massto-light ratio being a weak function of mass).
How can measurements of the fundamental scaling relations of galaxies best be used to constrain ideas for galaxy formation? It is arguable that the most direct way forward is simply to measure how the form of these relations changes with environment. Environment is the central parameter in hierarchical models, since in this picture the ultimate fate of a galaxy is determined mainly by its merger history, and the rate of merging is accelerated in richer environments, which are expected to host the oldest and most massive galaxies at any time (Mo & White 1996) . It is perhaps even more interesting to measure the scatter about the fundamental relations as a function of environment, because even if a relation's mathematical form is set by simple physics, the process by which a galaxy winds up on that relation is governed by random processes. A galaxy's stochastic merger history sets the timing over which it builds, but its final state is the product of a complex interplay between a large number of parameters, such as its initial mass, angular momentum and dark halo concentration, not to mention feedback to the intergalactic medium, so it would be surprising if the scatter about the fundamental relations were very small.
In a recent paper van den Bergh (2008) found that the luminosity-diameter relation provides the tightest of all the purely photometric correlations used to characterize galaxies. This fact was first noted by Giuricin et al. (1988) , who also claim to have detected "appreciable differences in the galaxyluminosity relationships for different clusters". On the other hand, Girardi et al. (1991) found no significant differences between the luminosity-diameter relations in a variety of environments. Gavazzi et al. (1996) and van den Bergh (2008) have reached similar conclusions, albeit with small samples, and both suggest that galaxies are best viewed as complex systems linked by a single fundamental property, namely stellar mass. This viewpoint is supported by Disney et al. (2008) , who concluded the same thing on the basis of a principal component analysis of data from a sample of galaxies selected from a large blind survey of neutral hydrogen gas emission.
On the other hand, recent work (Shen et al. 2003; Kauffmann et al. 2003b; Bernardi et al. 2003; Desroches et al. 2007; Hyde & Bernardi 2008 ) using much larger samples drawn from the SDSS (York et al. 2000) have shown the size-luminosity and size-mass relations exhibit curvature for both early and late type galaxies. In addition, Bernardi et al. (2007) ; ; Lauer et al. (2007) ; von der Linden et al. (2007) ; Liu et al. (2008) ; Coenda & Muriel (2009) have found that the central or brightest cluster galaxies (BCGs) exhibit a steeper sizeluminosity relation than field early type galaxies, though Guo et al. (2009) and Weinmann et al. (2009) do not find the trend.
The works just described are based on either small (<1000) samples of visually classified objects or much larger samples (>50,000) with very broad morphological segregations based on measurements of central concentration. The recent publication of the detailed morphological catalog of Nair & Abraham (2010) offers us an opportunity to revisit the question of the environmental dependence of the galactic scaling relations as a function of morphology and environment using samples with high-precision classifications that are an order of magnitude larger than those available to previous authors. Our aim in the present paper is to determine whether the form and scatter of the luminosity-size relation for galaxies remains constant as a function of environment. We will explore a range of Hubble types from E to Sc, but our main emphasis will be on early-type systems. This is because in hierarchical models elliptical galaxies are the endproduct of major mergers, so they are a crucible for testing the central idea of merger-driven evolution. Early-type galaxies also provide us with the closest connection with existing work on this subject, because they dominate the populations of rich clusters, and most previous work on the environmental dependence of the luminosity-size relationship has focused on simple comparisons between rich clusters and the field. Our own sample differs from this earlier work in that it does not focus on rich clusters, and instead spans a range of environments from sparse regions in the field up to systems that could best be characterized as poor-intermediate clusters. In our study there are only 700 galaxies in clusters with log(M halo /M ⊙ ) > 14.0 and our data includes galaxies from only 47 clusters with more than 50 members (described below).
The plan for this paper follows: Our sample is described in Section 2, followed by our measurements of the fiducial luminosity-size relationships in Section 3. The dependence of these relationships on environment is explored in Section 4. Section 5 looks into the importance of color and central concentration on scaling relations. Section 6 investigates the luminosity-size relationship for the brightest cluster galaxies (BCGs) in comparison to field and cluster satellite galaxies. Our results are discussed in Section 8, and conclusions are presented in Section 9. We compare the two SDSS size measures, R(90) and R(dev), in Appendix A and compare the publicly available environment estimates used in this paper in the Appendix B. Throughout this paper we assume a flat dark energy-dominated cosmology with h = 0.7 and Ω Λ =0.7. All magnitudes quoted are in the AB system.
SAMPLE
We use the sample of 14034 visually classified bright galaxies from Nair & Abraham (2010) (NA10) to investigate the luminosity-size relation in the local universe. The reader is referred to the NA10 catalog paper for details, but in summary the local sample is derived from the SDSS DR4 release which covers 6670 square degrees in the u ',g',r',i',z' (3553Å, 4686Å, 6166Å, 7480Å, 8932Å) bands. The galaxies are selected from the spectroscopic main galaxy sample described in Strauss et al. (2002) . The DR4 best photometry catalogs were used to select all objects with an extinction corrected g'-band magnitude brighter than 16.0 at redshifts between 0.01 and 0.1. Visual classification of the entire sample was carried out by one of the authors (PN) using the Carnegie Atlas of Galaxies (Sandage & Bedke 1994) as a visual training set, in consultation with the Third Reference Catalog of Bright Galaxies (de Vaucouleurs et al. 1991, RC3) , along with images for many fiducial objects obtained using the IPAC NED database. The classifications are found to agree with those from the RC3, with a mean deviation of 1.2 T-types for the ∼ 1700 galaxies in common to both samples. It is important to note that although our sample probes a wide range in mass and luminosities, it has magnitude cuts imposed and is not volume-limited. However, this sample can be used to understand the influence of detailed morphology as well as to compare the different metrics used to measure morphology such as the Sérsic index, central concentration and color. For this paper, we use the SDSS derived g-band Petrosian R(90) radii and absolute magnitude (Strauss et al. 2002) , corrected for galactic extinction (Schlegel et al. 1998 ) and K-corrected to z=0.0 using K-correct (Blanton et al. 2005b ). The effect of seeing correction on the Petrosian measure of sizes is negligible (see Appendix A). It should be noted that Petrosian magnitudes are not ideal because they capture a typedependent fraction of the total light of a galaxy (Graham et al. 2005; ). However, unlike de Vaucouleur sizes, they are not sensitive to central concentrations within a type (see Appendix A). We use stellar masses derived by Kauffmann et al. (2003a) . The sample analyzed here is a clean sub-sample of 12150 objects with no projection effects by satellites, foreground objects or nearby stars. This leads to the exclusion of ∼ 400 BCG and some nearby satellite galaxies as defined by Yang et al. (2007) . Environment estimates are available for the entire sample. The environmental estimates used will be described next.
Measures of Environment
There are multiple metrics that have been used to describe the environment of galaxies in the Sloan Survey, such as the over-density estimates used by Blanton et al. (2005a) , an Nth nearest neighbor approach used by Baldry et al. (2006) , and group catalog algorithms used by Yang et al. (2007) . What follows is a short summary of these three main techniques, and some justification for our decision to only use two of these (the Nth nearest neighbour aproach of Baldry et al. (2006) , and the group catalog approach of Yang et al. (2007) in the present paper. The reader is referred to the original papers cited above for details.
FIG. 1.-The g-band luminosity versus size plot, for galaxies in the sparsest regions (left-hand panel) and densest regions (right-hand panel) in our sample. Luminosity is in solar units, and size is defined using the Petrosian R(90) radius in the rest frame. Sparse regions are defined as N≤3 and Baldry rho < -0.32, while dense regions are defined as N≥3 and Baldry rho > -0.32. The points are keyed to g − r color quartiles. Black points are the reddest galaxies in each panel, followed by orange, then yellow with green points being the bluest galaxies. Note the remarkably low scatter about the luminosity-size relationship. See text for details.
The environmental overdensity ρ estimated by the New York Value Added Galaxy Catalog (NYU-VAGC) group (Blanton et al. 2005a ) was calculated for each spectroscopically targeted galaxy in the SDSS (14.5<r<17.77 and 0.05<z<0.22) For each galaxy, neighbors were counted in the 'SDSS imaging in the magnitude range corresponding to M * ±1 mag (passively evolved and K-corrected as for an early-type galaxy) and within 5 h −1 Mpc (transverse, proper)', excluding the target galaxy. The count was weighted to recover the estimated overdensity averaged over a spherical three-dimensional Gaussian window e −r 2 /2a 2 with a radius of a = 1 h −1 Mpc (proper). Baldry et al. (2006) measured the environmental density for SDSS galaxies with an extinction corrected r-band magnitude brighter than 18 for spectroscopically selected galaxies between 0.005<z<0.3 and photometrically selected galaxies with surface brightness 18.5<µ r,50 <24.0. The density is defined as Σ = N/(πd 2 N ), where d N is the projected comoving distance (in Mpc) to the Nth nearest neighbour (within ±1000 km/s if a spectroscopic redshift was available or else with photometric redshift errors within the 95 percent confidence limit). A best estimate density (to account for spectroscopic incompleteness) was obtained by calculating the average density for N=4 and N=5 with spectroscopically confirmed members only and with the entire sample. The mean Log Σ for our sample is -0.32. Yang et al. (2007) used an iterative halo-based group finder on the NYU-VAGC SDSS catalog for objects with an extinction corrected r-band magnitude brighter than 18.0 mag and 0.01<z<0.2 with a redshift confidence C z >0.7. Tentative group members were identified using a modified friendsof-friends algorithm. The group members were used to determine the group center, size, mass and velocity dispersion. New group memberships were determined iteratively based on the halo properties. The final catalog yields additional information identifying the brightest galaxy in the group (BCG), the most massive galaxy in the group (both used as proxies for central galaxies), estimated group mass, group luminosity and halo mass. As described in the Appendix B, when comparing the different environmental estimates we find the Blanton et al. (2005a) measurements are biased against small galaxies in dense environments in comparison to the other two estimate. Hence, in this paper we use the Baldry et al. (2006) and Yang et al. (2007) estimates to define galaxies in clusters and in the field. We use the group occupation number N as a proxy for environment. Group mass, luminosity or distance from the group center can also be used. In the Appendix we show a comparison between the Baldry et al. (2006) environmental estimator and the group occupation number determined by Yang et al. (2007) . We find that for groups with more than 7 spectroscopically confirmed members, the Yang and Baldry estimates of dense environments are consistent. However, galaxies considered to be more isolated by Yang (N<3) can occur in a range of environments as determined by Baldry et al. (2006) . This emphasizes the difficulties in determining environment (small scales vs group scales) and which measure matters (Blanton & Berlind 2007; Deng et al. 2009 ). We are primarily interested in relative evolution between field and cluster galaxies and hence define low density regions as galaxies with N≤2 and Baldry rho < -0.32 while high density regions are defined as galaxies in groups with more than two members N>2 and Baldry rho > -0.32 (the mean N and Log Σ for our sample). When we consider BCGs versus satellite galaxies in clusters, we do not include groups with occupation numbers less than 2 unlike Weinmann et al. (2009) who assume satellite galaxies were not detected for those 'central' galaxies with N<2.
LUMINOSITY-SIZE RELATIONS
The luminosity-size relationship for early type galaxies is shown Figure 1 for sparse and dense environments. The points are keyed to color quartiles for each Hubble type where black points are the reddest galaxies in each panel and green points the bluest galaxies. Orange and yellow points are the intermediate quartiles. The shaded region in each plot shows the luminosity range spanned by elliptical galaxies in dense regions. This figure clearly shows that the luminosity-size relationship of elliptical galaxies defines a remarkable tight relationship. For elliptical galaxies as a whole, the data are well-represented by a power-law of the form: log(L g ) = (9.03 ± 0.02) + (1.38 ± 0.01) × log(R p90 ). (1) FIG. 2.-The g-band luminosity versus size for a range of galaxy types. Luminosity is in solar units, and size is defined using Petrosian R(90) radius in the rest frame. Each panel isolates a specific Hubble type Nair & Abraham (2010) , as noted in the text. The points are keyed to g − r color quartiles. Black points are the reddest galaxies in each panel, followed by orange, then yellow with green points being the bluest galaxies. The black line shows the relation for elliptical galaxies. The blue lines/regions in each panel denote the best fit relation for each particular Hubble type. This equation defines the fiducial line shown in black on both panels of Figure 1 . The colored sector in each panel of this figure illustrates the ±1σ range of permissible slopes. For high-density environments (rho>-0.32 and N>2) the data for E+E/S0 galaxies are well-represented by the equation:
The corresponding relation for E+E/S0 galaxies in lowdensity environments (rho<-0.32 and N≤2) is given by: log(L g ) = (9.03 ± 0.03) + (1.36 ± 0.03) × log(R p90 ). (3) We therefore find that the luminosity-radius relations for E galaxies are statistically indistinguishable for high and low density regions. However, inspection of Figure 1 and of Table 1 shows that the the RMS dispersion about these relations do show an environmental dependence 2 . The dispersion 2 Note that dispersions in Table 1 are in dex, not magnitudes.
around the fiducial relation is σ = 0.13 dex in dense environments, and σ = 0.16 dex in sparse environments (equivalent to 0.32 mag and 0.40 mag, respectively). In agreement with work by Gallazzi et al. (2006) , who investigated the environmental dependence of the Faber-Jackson relation with SDSS galaxies (though with a larger dispersion of σ = 0.58 mag), we find the reddest elliptical galaxies lie predominantly in dense regions, and that these show a smaller dispersion than do corresponding systems that are blue (and which lie in sparser regions). What is surprising, however, is that the dispersion about the fiducial relationship is so small. For the elliptical galaxy sample as a whole (including galaxies in all environments) shown in Figure 2 , the dispersion is only 0.14 dex (0.35 mag). The significance of this very small dispersion about the luminosity-size relationship is best appreciated by comparing it with the corresponding scatter about the fundamental plane. Bernardi et al. (2006) have derived the dispersion in the distance from the fundamental plane in g-band for early-type galaxies, and their Table 5 shows a dispersion of σ = 0.345 mag in high-density regions and σ = 0.355 mag in low-density regions, defined over a sample spanning a similar dynamic range of luminosity to that being examined here.
Therefore the tightness of the luminosity-size relationship for elliptical galaxies is comparable to the scatter about the fundamental plane. This is in spite of the fact that the luminosity-size relationship is defined on the basis of purely photometric parameters, with no spectroscopic information needed (aside from a redshift). The luminosity-size relation exhibits a scatter (0.35 mag) that is almost half the typical scatter in the Faber-Jackson relation (∼ 0.58 mag, Gallazzi et al. (2006) ).
The remarkable tightness of the luminosity-size relationship should not blind us to the existence of some significant scatter about the fiducial line given by Equation (1), and it is interesting to consider the source of this dispersion. We will have more to say about this in Section 5, and for now only note that it is apparent from Figure 1 that the reddest elliptical galaxies (black points) exhibit the tightest relation between size and luminosity (in both dense and sparse environments). This suggests that star-formation history (contributing through flux-weighted stellar population age) is an important component of the scatter, as has been found by Shankar & Bernardi (2009) . We will show later that the dispersion in the relationship can be decreased even further by incorporating central concentration as a third parameter, suggesting that both star formation history and structure are important contributors to the scatter.
Expanding our consideration to later Hubble types, Figure 2 shows the distributions of galaxy size vs luminosity in panels which segregate galaxies into the following broad type bins: E+E/S0, S0+S0/a, Sa+Sab, Sb+Sbc, Sc+Scd, Sd+Sm. Linear least-squares fits to the relations shown in this figure are included in Table 1 . In the remainder of this paper we will drop the sub-type nomenclature when referring to galaxies, and thus when we refer to elliptical galaxies we refer to E + E/S0 galaxies. It is seen from Figure 2 and Table 1 that both the slope and the dispersion in the best-fitting relationships increases with morphological type (i.e with later morphologies), with fairly little dependence on the color of the galaxy. To allow the various panels to be compared more easily, the best fit relation for elliptical galaxies is shown in every panel of Figure 2 as a black line. The blue lines/regions in each panel denote the best fit relation for each particular Hubble type. Our aim is to allow the reader to determine from inspection of this figure whether the slope of the best-fitting line differs from that defined by the elliptical galaxy population. To this end, for each Hubble type we have plotted the lines with maximum and minimum slope consistent with the 1σ uncertainties (determined by 100 bootstraps), and shaded the region between these lines in light blue.
It is apparent that as Hubble type increases an increasing fraction of objects fall below the relationship for elliptical galaxies defined by Eqn. (1). As has already been noted, the values of the slope and intercept of the best linear fits to the L g vs. R p90 data for each Hubble type are presented in Table 1 . The uncertainties on the tabulated quantities presented in this table were all calculated using the statistical bootstrap method (Efron & Tibshirani 1994) with 100 iterations. This table also contains fit data for sub-categories of galaxies grouped by environment, as described in the next section.
EFFECT OF ENVIRONMENT
In our discussion of Figure 1 it was already clear that environment did not change the form of the fiducial luminositysize relationship for early-type galaxies, but that it did play a significant (but not overwhelming) role in increasing (slightly) the dispersion about the fiducial relationship. It is also clear that environment plays a role in skewing the earlytype population as a whole toward brighter galaxies as the density increases. In this section we examine whether similar trends are seen in the sample as a whole. Before doing this, it is first important to note that the dependence of galactic properties on the environment of galaxies has recently been studied by various groups using different metrics to define environment and morphology. Blanton et al. (2003) , Blanton et al. (2005a) and Hogg et al. (2004) find that luminous galaxies reside preferentially in high-density regions and that blue galaxies are mainly located in low-density regions. Coenda & Muriel (2009) find that bright galaxies preferentially inhabit cluster centers, and that early-type galaxies in the field have lower luminosities than do their counterparts in clusters.
In Figure 3 we now investigate these effects in greater detail using the environmental density parameters described earlier. (Note that these density estimates are all contained in the NA10 catalog). For simplicity, we once again adopt the strategy used in Figure 1 and divide the data for each morphological type into two bins corresponding to regions of aboveaverage, or below-average, environmental density. Figure 3 illustrates how the trends shown in the previous figure depend on environment, and the main message seems to be that environment has little effect on the shape of the fiducial relationships for each type, although, as with elliptical galaxies, there appears to be a somewhat greater scatter about the relationship in spare environments. For example, the dispersion of the data around the fiducial relationship is found to be σ = 0.22 dex for Sc galaxies. This value is much larger than that for E (σ = 0.14 dex) and Sa (σ = 0.16 dex) galaxies. The relationship between scatter and galaxy color noted in our discussion of Figure 1 turns out to be generally true, as we see that the scatter is smallest amongst red galaxies for every Hubble type.
An arguably more important effect of environment is also shown in Figure 3 . Environment seems to curtail the range of sizes exhibited by certain Hubble types, while leaving the form of the luminosity-size relation unchanged. This is made clear by inspection of the final two columns in Table 1 , which lists the size range spanned by galaxies from the 10%-90% quantiles. The absence of large ellipticals in the field has already been noted, but another effect of environment is to limit the number of small Sc galaxies in rich environments. This effect will be discussed further in the next section. Figure 4 shows galaxies defined to be on the red sequence or the blue cloud (as defined by Baldry et al. (2004) ) for each morphological bin keyed to the central concentration 3 of the galaxy. A number of striking trends are obvious from this figure, and from the summary of the trends given in Table 1 . Firstly, it is seen that the scatter in the luminosity-size relation for elliptical galaxies is somewhat smaller on the red sequence FIG. 3.-g-band luminosity versus g-band Petrosian R(90) radius in kpc per morphological type in low density regions (left) and high density regions (right). The points are keyed to g − r color quartiles. Black points are the reddest galaxies in each panel, followed by orange, then yellow with green points being the bluest galaxies. The black line shows the relation for elliptical galaxies. The blue lines/regions and red lines/regions in each panel denote the best fit relation for each particular Hubble type in sparse and dense environments respectively. than in the blue cloud. From Figure 1 we find that color does matter in terms of increasing the dispersion, and Table 1 indicates that the scatter is ∼ 50% larger for early-type galaxies in the blue cloud than on the red sequence. Secondly, we find increasing central concentration also has the effect of decreasing the dispersion and making modest changes in the slopes and intercepts of the fiducial relation for elliptical galaxies. This trend is explored in greater detail in Table 2 , which investigates the luminosity-size relationships for earlytype galaxies as a function of concentration. We see from this table that the slope and intercept of the luminosity-size relation for high-concentration early-type galaxies appears to be significantly different than for low-concentration early-types. This is manifested as a mild stratification in the plot symbol colors in the top-right panel of Figure 4 . Our suspicion is that the trends with concentration may well be due to merger history, following on ideas given by Kormendy et al. (2009) , who find that the merger history of elliptical galaxies determines the presence of internal structures like cores and excess light in the central regions of galaxies as well as their Sérsic index 4 . On the other hand, since the general trends remain similar and the trends with concentration seem a second-order effect, our results (and the work of (van den Bergh 2008)) seem to suggest that the overall dimensions of early type galaxies (i.e. sizes measured at a faint isophote, well beyond the inner regions) do not seem to be greatly affected by mergers. The luminosity-size relation for Sa -Sc galaxies does show a mild dependence when moving from the blue cloud to the 4 Kormendy et al. (2009) also suggest that "extra light ellipticals got their low Sérsic indices by forming in relatively few binary mergers, whereas giant ellipticals have n > 4 because they formed in larger numbers of mergers of more galaxies at once plus later heating during hierarchical clustering." Interestingly, these authors also find that core Es contain X-ray-emitting gas whereas extra light Es generally do not.
EFFECT OF COLOR AND CONCENTRATION
red sequence, such that at a given luminosity, quenched, red sequence galaxies are slightly larger. In addition, it is interesting to note that late type galaxies in Figure 4 do not show as strong a trend with concentration as elliptical galaxies, possibly indicative of fewer mergers in their formation history, or perhaps of more minor mergers.
The environmental dependence of the trends just noted are explored in Figure 5 , which shows the luminosity versus size relation for blue cloud (top) and red sequence (bottom) elliptical galaxies in low (left) and high density (right) regions keyed to central concentration. Blue cloud elliptical galaxies are found in both low and high density regions, though there are very few small, low luminosity ellipticals in rich environments. We find that blue cloud elliptical galaxies exhibit significantly different slopes than do red sequence galaxies. In addition, red sequence elliptical galaxies exhibit very little change in moving from low to high density regimes, unlike blue cloud galaxies which exhibit a shallower luminosity versus size relation than the general elliptical population. Given the small numbers of blue elliptical galaxies present in our sample (<200), they do not influence the overall luminosity size relation of elliptical galaxies. However at higher redshifts, the blue elliptical population may be significant in both low and high density regimes and may cause a shift in the overall luminosity size relation. Any high redshift study which identifies ellipticals by using the red sequence technique or color cuts (Trujillo et al. 2004 (Trujillo et al. , 2006 ) is likely to miss this population of galaxies.
In summary, Figure 4 and Figure 5 appears to show that variations in concentration (i.e. homology) as well as variations in color (i.e. age) combine to define the scatter about the luminosity-size relationship. The visual impression from Figures 4 and 5, backed up by the results summarized in Tables 1  and 2 , is that variations in homology are manifested in small changes the slopes and intercepts of the fiducial luminositysize relation for early-type galaxies. On the other hand, comparing the variation as a function of color in the range spanned by galaxies at various Hubble types suggests that color (i.e. age) plays the defining role here. For example, it is seen that for early-type galaxies the reddest systems tend to be largest and most luminous, and that a related trend appears to hold for late type galaxies, few of which are both red and underluminous. Taken together, these observations seem to provide some evidence for the notion that the origin of the scatter in the luminosity-size relation can be described in the following simple terms: for a given Hubble type, variations in homology change the slope and intercept in the local luminosity-size relationship, while variations in age truncate the size range spanned by galaxies.
IS THE CLUSTER CENTER IMPORTANT?
In the previous sections we considered the dependence of the luminosity-size relation on global environment and color. Although global environment does influence the mass function of individual types, it is not the only useful measure for testing hierarchical formation models. In fact, the position of a galaxy within a cluster may be more important than global density, since different physical processes occur in the outskirts versus the centers of groups or clusters (Dressler 1980) . Boylan-Kolchin et al. (2006) find that the merger history of BCGs, where mergers preferentially occur on radial orbits, would lead to a steeper size-luminosity relation compared to field galaxies. In addition, satellite galaxies could lose their extended gas haloes (starvation/strangulation, e.g. Larson et al. (1980) ) by interaction with the intracluster medium and ram pressure stripping (Gunn & Gott 1972) . These two processes are often cited as being important to the creation of S0 galaxies in clusters, though it is hardly an exhaustive list, and a number of other processes could be responsible for the requisite gas loss (e.g. there is evidence that an AGN might be responsible for turning NGC3115 into an S0, c.f. van den Bergh (2009)).
Recent studies with the SDSS have found conflicting results with respect to size-luminosity relationship of BCGs. Lauer et al. (2007) , Bernardi et al. (2007) , Liu et al. (2008) , Coenda & Muriel (2009) and , using the C4 cluster catalog (Miller et al. 2005 ) and/or the MaxBCG cluster catalog (Koester et al. 2007 ), find that early-type BCG galaxies are larger at fixed luminosities and show a steeper size-luminosity (Y versus X) relation than satellite or field galaxies. On the other hand, Guo et al. (2009) and Weinmann et al. (2009) using the Yang et al. (2007) halo catalog find no difference between central and satellite galaxies in the size-luminosity plane. Figure 6 shows the luminosity-size relation for elliptical galaxies in our sample for field galaxies (in green), satellite galaxies in groups with 10 or more members (in yellow) and BCG galaxies in groups with ten or more members (in orange). Best fit lines for each sample are over-plotted. Points with error bars indicate the 25th and 75th quantiles in various size bins. We find that BCG galaxies have a shallower size vs luminosity slope (steeper luminosity vs size slope) consistent with and others. This result may be due to some mild curvature in the luminosity-size relationship, since the BCGs span such a limited range of luminosities (which is why, of course, they have been used as distance indicators), and in any case the slope is difficult to define with confidence because of the small luminosity range spanned. However, it is interesting to note that quantile distribution of luminosities (blue and red error bars) is similar for field and BCG galaxies, where the samples overlap, especially at higher luminosities, implying little difference between BCGs and field galaxy scaling relations in the region of overlap. BCGs show a tighter luminosity size relation than the general elliptical galaxy population with a dispersion of only 0.25 mag. Satellite cluster galaxies show a slightly larger dispersion while field galaxies show the largest dispersion (0.39 mag). This is consistent with previous studies by Bernardi et al. (2007) and . These authors suggest that the small dispersion for BCG galaxies indicates that these systems are older (probably the supermassive compact galaxies seen at high redshifts) and have less recent star formation than either satellite or field elliptical galaxies, with growth in size and mass predominantly due to dry minor mergers Boylan-Kolchin et al. 2006 ) If the progenitors of these BCGs are dwarfs, then it seems a challenge to understand how metal-rich populations can be built up through the successive mergers of metal poor populations.
There are some additional caveats to bear in mind when comparing Figure 6 with previous work. First we do not probe very massive clusters. Only 731 galaxies are in halos with masses greater than log(M halo /M ⊙ ) > 14.0. Thus we may be missing the very massive BCG galaxies present in the C4 or MaxBCG catalogs. Our redshift restrictions (z<0.1) may also cause us to miss more massive BCGs. Secondly, we have not accounted for sky over-estimates which adversely affect size measurements of massive clustered galaxies. It should be noted that Guo et al. (2009) fit their sample of galaxies with GALFIT (Peng et al. 2002) to account for sky over-estimation while Weinmann et al. (2009) did not but found consistent results. We performed a test of our results using the corrections for de Vaucouleurs sizes and magnitudes prescribed by Hyde & Bernardi (2008) . Although the distribution for all ellipticals shifts to larger sizes and brighter magnitudes, the trends remain the same. Thirdly, there may be a discrepancy in the cluster detection algorithm and BCG identification. The C4 and MaxBCG catalogs use the red-sequence technique to initially identify clusters whereas the Yang group catalog uses a modified friends-of-friends algorithm. The C4 and MaxBCG clusters will therefore miss blue clusters. In addition, recent work by von der Linden et al. (2007) has actually found that not all galaxies identified as central galaxies in the C4 catalog are centrals. This effect cannot be ruled out for the Yang et al. (2007) group catalog.
Given these many caveats, we conclude that we have relatively little to say about the role played by BCG galaxies in conditioning the luminosity-size relationships explored in this paper. However, they clearly have a part to play, and the presence of BCGs probably goes a long way toward explaining the large sizes of early-type galaxies at the 90th percentile (the final column) in Table 1 . We can confirm the tightness of the luminosity size relation of BCGs in comparison to satellite or field ellipticals. We also find no difference between late stage satellite and field galaxies.
7. WHICH SIZE IS APPROPRIATE? Giuricin et al. (1988) first drew attention to the surprising fact that the luminosity-radius relation provides the tightest of all correlations observed among the photometric parameters that can be used to characterize galaxies. This conclusion was subsequently strengthened and confirmed by Gavazzi et al. (1996) . More recently van den Bergh (2008) has pointed FIG. 6.-g-band luminosity versus g-band Petrosian R(90) radius in kpc for E and E/S0 galaxies showing the brightest cluster galaxies ( BCG; orange points), satellite galaxies (yellow points) and field galaxies (green points). Best fit lines for each environments are shown in red, yellow and green. The red (green) lines show the range spanned by the first and third quantile in each luminosity bin.
out that the tightness of the luminosity-radius relation among early-type galaxies is difficult to reconcile with scenarios in which such galaxies are formed via chaotic hierarchical mergers. In the present work we have used the Petrosian (1976) outer radii R(90) of galaxies that enclose 90% of the galaxian flux. Similarly van den Bergh (2008) used the radii of galaxies (corrected for reddening) at the faint outer isophote having B = 25.0 mag arcsec −2 . We now inquire whether a similarly tight correlation is observed between the luminosities of galaxies and their effective Petrosian radii R(50). The relevant observations are collected in Table 3 . The data in this table show strong correlations between galaxy luminosity and half-light radius. However, in all cases, the dispersion in the relations using R(50) is seen to be slightly larger than that which employs R(90). Perhaps more surprising is the lack of dependence of the slope of the luminosity-size relation on the morphology of early type galaxies (E, S0 and Sa galaxies) with R(90) whereas R(50) does distinguish between different early type galaxies.
We repeated our analysis with R(50), corrected as specified by Graham et al. (2005) to recover the effective radii and total luminosity. Results are shown in Table 4 and are consistent with those found with R(50) and R(90). From Table 5 , using the SDSS provided de Vaucouleurs radii (corrected as specified by Hyde & Bernardi (2008) ) leads to a shallower slope but a larger scatter than R(90) for early type galaxies. The trends remain consistent. In other words the outermost radii of galaxies correlates most strongly with luminosity. This result suggests that factors such as mergers and star formation history affect the internal distribution of galaxy light more strongly than they do the overall size of these objects (see Appendix A).
DISCUSSION
One of the most unexpected conclusions of the present work is that elliptical galaxies (in all environments) exhibit such a tight correlation between their sizes and their luminosities. This result is unexpected if, as proposed by Toomre (1977) , elliptical galaxies all formed from mergers of spirals. Such mergers would be expected to be chaotic and are therefore expected to feed into a wide range of final states. The fact that E galaxies are actually observed to exhibit a tight correlation between their sizes and their luminosities suggests that they actually arrived at their present state along rather similar evolutionary tracks. In other words it appears as if ellipticals have both simple morphologies and similar evolutionary histories. This conclusion was also reached by Totani (2009) , who noted that "the evolution of early type galaxies must occur ubiquitously, rather than stochastically."
Recent N-body simulations and semi-analytic models (Nipoti et al. 2009b ) are able to account for the small scatter in the Fundamental Plane specifically by forcing the formation of ∼ 50% of the mass of present elliptical galaxies at z>1 and allowing subsequent growth via dry mergers so as to account for the tight spread in ages observed locally Thomas et al. (2005) ; Graves et al. (2009a,b) . Simulations have shown that once the FP is established it is relatively insensitive to (a few) episodes of dry major mergers. However the projections of the scaling relations, especially the scatter, are still expected to depend on merger history, orientation, and mass ratios of the dry merger Boylan-Kolchin et al. (2006); Robertson et al. (2006a) . Contrary to our results, this should be dependent on environment as there is definite growth of elliptical galaxies occurring in dense environments.
The tight luminosity-size relationship further complicates the now well-known problem of explaining the 'red nuggets' seen at high redshift (highly compact early-type galaxies).
The relevant observations are well described in van Dokkum et al. (2008) The central difficulty is that the high-redshift systems are anomalously compact for their masses (or luminosities), but major mergers grow galaxies along the fundamental plane, so it is difficult to reconcile the extreme size growth needed with episodes of dry merging, particularly because the galaxies seen are massive to begin with (but see Valentinuzzi et al. (2009)) .
Recently, Bernardi (2009) (and others) have suggested that BCGs could be the low redshift equivalent to high redshift red-nuggets. Around 90% of the mass of these systems have been established by z∼ 1 and the evolution required is a three-fold increase in size from high-redshifts to the present epoch. Simulations predict that it is possible for a series of many minor dry mergers to successfully grow elliptical galaxy sizes while decreasing their central concentration Hopkins et al. 2009a,c) . However, in simulations Nipoti et al. (2009a) have shown that it is impossible to reproduce both the slope and the scatter of the size-mass relation by dry major or minor mergers while accounting for the red nuggets. In addition BCGs exhibit the smallest scatter in the size-luminosity plane out of all early type galaxies even though their sizes are evolving more strongly than normal ellipticals ). Kormendy et al. (2009) certainly makes a strong case for the assumption that the internal structure of early-type galaxies (i.e. the presence or absence of cores) depends on merger history. The curvature in the scaling relation for elliptical galaxies (noted by other authors) due to BCGs could also be a signature of minor mergers (Boylan-Kolchin et al. 2006 ), although it is worth emphasizing the important caveat that Masjedi et al. (2007) find that major mergers are the dominant mode of growth at z <0.3, and that at higher redshifts minor mergers are difficult to detect directly. In any case, it seems a huge challenge to try to explain the build-up of a metal rich giant population through successive minor dry mergers of metal-poor dwarf populations. This mismatch in metallici-ties seems to us to be an absolutely fundamental problem with this basic picture, and this difficulty is only compounded by our observation of a very small dispersion in the luminositysize relation for BCGs.
It seems hard to see how any stochastic process could lead to the very tight luminosity-size relationship reported here, so on the whole our results seem to favor the notion that mergers have not greatly affected the luminosity-size relation of elliptical galaxies. Since mergers are clearly happening (Masjedi et al. 2007 ), but they do not appear to be having a great effect on the luminosity-size relationship, perhaps the mergers are only superficial signatures masking some more important underlying process (rearranging the deck chairs on the sinking Titanic). In any case, our observations suggest that concentration and age are responsible for much of the variance in the luminosity-size relation, and perhaps this provides a useful constraint on models.
In spite of de-emphasizing the role of mergers in the previous paragraph, it would be a mistake to conclude from our work that the luminosity-size relationship is independent of environment. In fact, a striking feature of Figure 3 is that large elliptical galaxies strongly prefer dense environments. This point is seen particularly clearly by inspection of the range in sizes spanned by the 10% to 90% size quantiles tabulated in Table 1 . We have already noted that much of this effect may find its origin in the presence of BCGs in our sample, and the physics of size growth in these objects may well differ from that of elliptical galaxies in sparse environments. At the same time, the absence of under-luminous galaxies in dense regions is probably the natural extension of the effect seen by Coenda & Muriel (2009) in their cluster sample, and follows the general trends noted by Blanton et al. (2003 Blanton et al. ( , 2005a and Hogg et al. (2004) , although these authors did not study the morphologies of the galaxies in any detail. The central point emerging from our study is that even though the linear fits to the luminosity-size data for E is unchanged with environment, galaxies with sizes greater than log(R 90 /kpc) > 1.2 are abundant in dense regions while being essentially absent from sparse regions in the field. So even though the form of the luminosity-size relationship seems independent of environment, the range spanned by galaxies described by the relation seems to be a strong function of environment. This result would seem to follow naturally from the work of Zucca et al. (2009) , who find, as we also do, that the characteristic magnitude of galaxies is fainter in under-dense regions than it is in over-dense regions.
It is interesting to note that our analysis includes 255 earlytype galaxies in the blue cloud. While this is only a small fraction (8%) of the total early-type sample, these are exceptionally interesting objects. Careful re-inspection of the images suggests that some small fraction of these could be misclassifications of later-type galaxies, but the great majority of the classifications seem secure (see Nair & Abraham (2010) ). These blue cloud early types could be ellipticals which have undergone a wet major merger recently, which has led to the reformation of a disk (Wei et al. 2009 ), although it is interesting to note that blue cloud early types show a shallow slope on the luminosity-size relationship diagram and hence do not behave like disk galaxies. It is not clear how to reconcile this shallower slope with the claim by Wei et al. (2009) that the presence of E and S0 galaxies on the blue cloud suggests that wet major merger processes could lead to the reformation of a disk. (The dispersion for these systems are larger and environmentally dependent.) Perhaps wet mergers do not affect the luminosity-size relationship in the same way as dry mergers affect the relationship.
The absence of luminous (or large) galaxies in sparse regions is also notable amongst the late-type population. Figure 3 shows a striking deficiency of faint late-type spirals in high-density regions. Very few Sb or Sc spirals, in regions of above-average density, have log Lg/L ⊙ < 9.5. In other words the dispersion in the luminosity-radius relation of galaxies increases steeply towards later morphological types. In the case of spirals of type Sc this increased dispersion is, at least in part, due to a strong population of faint objects that fall below the line defined by the fiducial relationships shown in Table 1 (in other words, the dispersion is skewed to small systems). Figure 2 and Table 1 also provide some insight into the relationship between elliptical galaxies and S0 systems. The basic conclusion from van den Bergh (2004) that lenticular galaxies are (as a class) less luminous that either elliptical galaxies or spirals of type Sa is strongly reinforced by these data. Furthermore, for S0 galaxies, the dispersion of the data around the fiducial relationship is found to be 0.16 dex. This value is greater than that for Sa galaxies but only at the 1σ level, although it is significantly larger than that for elliptical galaxies (over 5σ significant). These results seem consistent with the conclusion by van den Bergh (2009) that S0 galaxies are not intermediate between E and Sa galaxies as Hubble (1936) had proposed. Inspection of the data plotted in Figure 2 suggests that the increased dispersion of S0 galaxies is due to the addition of a population of objects that are either exceptionally luminous for their radius, or exceptionally small for their luminosity.
CONCLUSIONS
The present investigation is based on a sample of 12150 galaxies that are contained in the Sloan Digital Sky Survey (York et al. 2000) . Visual morphological classifications by Nair & Abraham (2010) , and environmental information from Blanton et al. (2005b) , Baldry et al. (2006) and Yang et al. (2007) were employed to study the dependence of the luminosity-radius relation of these objects on both their morphological type and environmental density. The main conclusions of this work are:
1. The luminosity-size relation of elliptical galaxies is well represented by a simple power law. The scatter about this relationship is very small: for elliptical galaxies, the dispersion is only 0.14 dex (0.35 mag), making this relationship as tight as that defined by the fundamental plane, even though it is based on purely photometric parameters.
2. The scatter about this luminosity-size relation is due to variations in both galaxy central concentration and star-formation history. Increasing central concentration has the effect of making modest changes in the slopes and intercepts of the fiducial relations. Although for all subsets of early-type galaxies the scatter remains small, the scatter in the luminosity-size relationship is ∼ 50% larger for a small fraction (< 10%) of early-type galaxies in the blue cloud than on the red sequence.
3. The slope and dispersion about the luminosity-size relationship increases as one proceeds along the Hubble sequence E ⇒ Sa ⇒ Sb ⇒ Sc.
4. Elliptical galaxies are presumed to have formed by the chaotic mergers of either smaller ellipticals or of disk-like ancestral objects, but it is difficult to see how such a process could result in a very tight luminosity-size relationship.
5. For galaxies of a given Hubble type, the slope of the luminosity-size relationship seems independent of environment. However the range spanned by the luminosities (or sizes) of that class of galaxy seems to be a strong function of environment.
6. The de Vaucouleurs radius, Rdev, and Petrosian half light radius, R(50), are more sensitive to changes in central concentration and hence merger history than R(90). Thus it appears mergers only influence the internal structure of galaxies and not their global luminositysize relation.
It is not clear why objects that might have assembled in such very different ways, from differing ancestral objects, should have had evolutionary tracks that converged to show small dispersions around simple power-law forms for their luminosity-size relationships. Perhaps elliptical galaxies started out very differently from each other at z ∼ 3, but their morphologies converged to similar configurations as they expanded between redshifts z = 3 and z = 0 ). Three issues need to be kept in mind while using SDSS sizes and luminosities:
1. SDSS has a known problem of sky over-estimation near bright galaxies especially in dense regions. We have partially compensated for this by selecting a clean sample of galaxies with no overlapping companions. In addition, we ran our analysis excluding objects with r-band model magnitudes r<14 where the effects of sky overestimation are severe. Changes in the fits are small and within the error bars quoted. Our overall results and conclusions remain unaffected.
2. Petrosian sizes have not been corrected for seeing. Hyde & Bernardi (2008) use the SDSS seeing corrected de Vaucouleurs size (RdeV) and magnitude as they find the SDSS Petrosian quantities (which are not seeing corrected) show a slight bias where higher redshift early type galaxies are larger than lower redshift early type galaxies at similar luminosities. As we probe a smaller redshift range z<0.1 than Hyde et al. (z<0. 3), we do not expect seeing to be important in measures of R(90). To illustrate this, Figure 7 (a) shows the median g-band Petrosian R(90) size in bins of luminosity for ellipticals galaxies. The error bars show the 25th and 75th quantiles. The blue points represent galaxies below a redshift of 0.05 while the red points show galaxies above z of 0.05. We find galaxies in the higher redshift bin are slightly larger at any given luminosity which could imply a seeing bias. However, Figure 7 (b) shows the median stellar mass in bins of luminosity where we find a comparable redshift dependence of mass on luminosity. This is because the higher redshift bin has more massive galaxies (volume effect) and fewer lower mass systems due to our apparent magnitude cut (g<16). Thus the offset of size measures at similar luminosities is because of different mass selections and not due to seeing. Surprisingly Figure 7 (c) shows the Petrosian R(50) size has a comparable redshift dependent offset with luminosity. Figure 7 (d) shows the g-band de Vaucouleurs size (Rdev) versus luminosity, both corrected for over-estimation of sky as specified by Hyde & Bernardi (2008) . The redshift dependent offset in the size measures are smaller but the scatter in each redshift bin is larger than the scatter in R(90) or R(50). This is especially noticeable in the highest luminosity bins where the scatter in R(90) is much smaller than Rdev.
3. The choice of a size metric influences the scaling relations. Figure 8 shows the dependence of Petrosian R(90) (top) and de Vaucouleurs radii (bottom) on luminosity (left) and stellar mass (right) as a function of concentration. The most concentrated galaxies are shown in red (C>0.5), followed by green (0.4<C<0.5), with the least concentrated galaxies shown in blue (C<0.4). The de Vaucouleurs measure of size is strongly dependent on the concentration of the galaxy, especially at high masses/luminosities whereas the dependence of R(90) on concentration is mild. Thus Rdev is more sensitive to the internal structure of early type galaxies. The curvature seen in high density environments may be related to physical processes which change the central concentration of galaxies while not changing R(90). In other words, the reason for differing results among various authors regarding curvature in scaling relations may not be because of seeing dependent measures of size but on the effect of concentration on those measures. Thus we would recommend using R(90) which is relatively insensitive to both seeing and central concentration to the de Vaucouleurs size measure. It should be noted that our results for elliptical galaxies do not change when using Rdev. Table 5 shows fits for elliptical galaxies using de Vaucouleurs size and magnitude (sky corrected). We find the slopes are the same in low and high density environments with a smaller scatter in high density environments. BCG galaxies in clusters show a shallower luminosity-size relation (steeper size-luminosity relation) than satellite galaxies. Figure 9 shows the g-band luminosity of Sc galaxies versus the g-band Petrosian R(90) radius in low and high density regions keyed to the color of the galaxy using the three environmental measures available. The first panel shows the distribution of Sc galaxies in low and high density regions as defined by Blanton et al. (2005b) , the second row as defined by Yang et al. (2007) and the third row as defined by Baldry et al. (2006) . The last row is defined using both Yang and Baldry measures of environment. The black line in each panel shows the relation for elliptical galaxies. This figure shows that many small Sc galaxies in clusters are missed when using the Blanton et al. measure of environment, which leads to a spurious apparent evolution of the L vs R relation for Sc galaxies from the field to cluster. This bias is largest for late type galaxies and smallest for elliptical galaxies. We thus restrict ourselves to the Baldry and Yang measures of environment, compared in Figure 10 . We find for N<3, some galaxies are in over-dense regions implying satellites or companions were missed but most are in under-dense regions (i.e. field galaxies). -(a) g-band Petrosian R(90) radius in kpc versus g-band luminosity for ellipitical galaxies, (b) stellar mass versus g-band luminosity for ellipitical galaxies, (c) g-band Petrosian R(50) radius in kpc versus g-band luminosity for ellipitical galaxies and (d) g-band de Vaucouleurs radius in kpc versus g-band luminosity (corrected for sky subtraction as per Hyde & Bernardi (2008) ) for ellipitical galaxies. The red points show galaxies at redshifts above 0.05 while blue points show galaxies below it. The red points are offset for clarity. -g-band Luminosity versus g-band Petrosian R(90) radius in kpc in low (left) and high (right) density environments for Sc galaxies only. The top three rows show environments defined by Blanton et al 2005 , Yang et al. 2007 and Baldry et al. 2006 . The bottom panel shows L vs. R for galaxies defined using both Yang and Baldry estimates of environmental density. The points are keyed to g − r color quartiles. Black points are the reddest galaxies in each panel, followed by orange, then yellow with green points being the bluest galaxies. 
B. COMPARISON OF ENVIRONMENT ESTIMATES

